Abstract Spatially homogeneous thermal explosions governed by a three-step chain-branching kinetic model are described in the asymptotic limit of large activation energy for a range of chain-branching cross-over temperatures. The model consists of a sequence of chain-initiation, chain-branching and chaintermination steps. Temperature-sensitive Arrhenius kinetics is employed for the initiation and branching steps, while the termination step has a temperature-independent rate. Marked distinctions in structure arise as the magnitude of the chain-branching cross-over temperature is increased relative to the initial system temperature. Attention is focused on the regime where the chain-branching cross-over temperature is close to the initial system temperature. Results are also obtained for the fast and slow explosion limits where the two temperatures are not close.
Introduction
Ignition of a spatially homogeneous exothermic chemical mixture is characterized by a marked rise in the rate of temperature growth. Temporal evolution of any subsequent thermal explosion, as well as the structure of the ignition phase, depend strongly on the chemical kinetics. Examples that have received considerable attention include one-step thermal decomposition models, and multi-step chain-branching reaction schemes.
For a one-step process with Arrhenius kinetics at large activation energies, Kassoy [1, 2] gave a complete asymptotic description, from initiation to completion, of a spatially homogeneous thermal explosion. After an initial induction period, in which the variations in temperature and fuel concentration are small, thermal runaway takes place over a much shorter time scale. Significant changes in the temperature, together with a major depletion of the fuel concentration, occur exponentially fast. In many practical gaseous systems, however, one-step models do not provide a good representation of the actual kinetics. Nor do these schemes possess a critical initial temperature that defines the explosion limit delineating a distinct boundary between fast and slow reactions, which is a property of many gaseous systems [3, Chapter 2, Sect. 8].
Gaseous reactions often proceed through a sequence of chain initiation, chain-branching (production), and chain-termination steps [4, Sect. 2.3.4] . Examples include oxidation of hydrogen and the combustion of gaseous hydrocarbons. In most cases, the role of chain-initiation reactions is to decompose the fuel to produce a small initial quantity of chain carriers (free radicals or atoms). The chain carrier production rate and further decomposition of fuel is then accelerated by the chain-branching mechanism. Termination reactions, where most of the heat of reaction is released, deplete the carrier concentration and lead to the final limiting adiabatic temperature T ad . In practice there may be many initiation reactions, but simplified descriptions assume that all of the chain initiation processes can be combined into a single one-step global reaction. Similarly, the chain-branching and termination reactions are represented, respectively, by onestep processes. A detailed description of the particular chain-branching model employed in the present paper is given in [5] . To describe thermal explosions for such overall three-step schemes, it is convenient to introduce an initiation cross-over temperature T i at which the rates for the initiation and termination steps are equal, and a branching cross-over temperature T b at which the branching and termination rates are equal. For ease of discussion, we assume that T i is greater than either T ad or T b , although the relative magnitudes of T ad and T b are varied. Reaction rates for the initiation and branching steps are governed by Arrhenius kinetics in which the inverse (dimensionless) activation energies are small. Using i and b to denote these inverse energies, it is the limit i < b 1 that is considered here. If the chain-branching temperature is significantly lower than the initial system temperature T in , the small quantity of chain carriers produced in the initiation reaction multiplies rapidly in the chain-branching step, and is then depleted during the relatively slow termination stage. Specifically, the chain-induction period is much shorter than the termination step. When T b is significantly greater than the initial temperature, the chain-branching reaction does not lead to a rapid growth in the radical concentration, and the chain-induction period is substantially longer than the termination stage. When T b and T in are relatively close, the structure of the explosion becomes very sensitive to the precise ordering of the temperature difference with respect to the magnitude of the small parameter. Obviously, the branching temperature plays a critical role in the description of chain-branched reactions. In particular, it defines the second explosion limit between rapid and slow explosions for H 2 -O 2 reactions [3] . Moreover, it has recently been shown to define a detonability limit in propagating detonations [5, 6] . The present paper examines the influence of the magnitude of the branching temperature on the overall structure of spatially homogeneous thermal explosions for a three-step chain-branching reaction model. Gray and Yang [7] provided an early discussion concerning the significance of a chain-branching step in the evolution of thermal explosions. Subsequently, Kapila [8] gave a complete asymptotic description of thermal explosions at high activation energies for a two-step chain-branching scheme. The initiation reaction was replaced by the assumption that a small amount of the chain carrier was already present, and criticality occurred when the carrier was consumed by a sufficiently rapid chain-termination reaction. In the model used here, which includes a chain-initiation step, the explosion is always supercritical. Sen and Law [9] have also examined the Kapila two-step model for larger initial carrier concentrations, and a more recent analysis has been given by Bonilla et al. [10] . A complete description of homogeneous thermal explosions for a five-step mechanism, including dissociation and recombination effects, has been presented by Birkan and Kassoy [11] in the limit of large activation energies. The three-step chain-branching process employed
